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The  south  Paciﬁc  albacore  tuna  (Thunnus  alalunga)  stock  is  predicted  to  remain  above  the  adopted  limit
reference  point  under  recent  increased  catch  levels.  However,  vessel  catch  rates  are  predicted  fall  and
economic  conditions  worsen,  which  is of  particular  concern  for those  smaller-scale  ﬂeets  within  Paciﬁc
island  countries  and  territories  that  rely  on  this  stock  for income  and  employment.  We  examine  candi-
date target  reference  points  that  might  achieve  wider  management  objectives  integrating  across  multiple
plausible  states  of  nature  using  a deterministic  bio-economic  model,  and  potential  implications  of those
targets  for the  stock  and  ﬁsheries  through  stochastic  stock  projections.  Maximum  sustainable  yield  (MSY),
the ‘default’  reference  point  within  the  Western  and  Central  Paciﬁc  Fisheries  Commission,  implied  a rel-
atively  low  stock  size  and  more  than  a 1-in-3  chance  of  the stock  falling  below  the  limit reference  point.
Minimum  target  levels,  deﬁned  by the  permissible  level  of risk  (5–20%)  of falling  below  the  limit ref-
erence  point,  implied  larger  stock  sizes  than  at MSY,  but  a halving  in  longline  catch  rates  that  would
lead  to increased  social  and  economic  hardship.  These  results  suggest  that  economic,  rather  than  biolog-
ical,  requirements  will  provide  the standards  for an  albacore  target  reference  point.  However,  achieving
maximum  economic  yield  (MEY)  implied  severe  reductions  in  effort,  likely  incompatible  with  objectives
for  employment  within  the local  ﬁshery  sector  or the  level  of vessel  licensing  revenue.  Sub-optimal  but
improved  economic  performance  levels  examined,  such  as a 10%  revenue  margin  over  economic  costs,
or revenues  equal  to  the  economic  costs,  could  be obtained  with  less  severe  reductions  in  effort.  Iden-
tifying  an  acceptable  target  reference  point  compatible  with  ﬁshery  objectives,  and  ways  to  transition
from  recent  ﬁshing  levels  to those  targets,  is  urgently  needed  to ensure  ﬂeets  remain  viable.
©  2015  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND. Introduction
Reference points are an important component of ﬁsheries man-
gement and relate to levels of the ﬁsh population being ﬁshed that
rovide desirable outcomes for the ﬁshery (United Nations, 1995;
ainsbury, 2008). Reference points reﬂect pre-determined levels
f a given indicator and are commonly translated into the states
f ﬁsh stocks and ﬁsheries (biomass, ﬁshing mortality) required
o achieve them. They generally fall into two areas. The ﬁrst are
imit reference points, deﬁned to keep the ﬁsh population within
safe biological limits” and to ultimately protect the resource and
shing industry against long-term damage. The risk of exceeding
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E-mail address: grahamp@spc.int (G.M. Pilling).
1 Current address: NOAA, Fishery Resource Analysis and Monitoring Division,
orthwest Fisheries Science Center, 2032 SE OSU Dr. Bldg. 955, Newport, OR 97365-
275, USA.
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165-7836/© 2015 The Authors. Published by Elsevier B.V. This is an open access article 
/).license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
limit reference points is recommended to be “very low” (United
Nations, 1995). The second are target reference points, which
reﬂect managers’ and stakeholder’s biological (including ecosys-
tem) and socio-economic ﬁshery management objectives, as well
as the trade-offs and risks associated with balancing those differ-
ent objectives (Mace, 1994; Caddy and Mahon, 1995). Combined,
target and limit reference points work together to guide rational
management decisions (deBruyn et al., 2013).
The south Paciﬁc albacore tuna (Thunnus alalunga) stock is con-
sidered to be a discrete stock in the south Paciﬁc (Murray, 1994).
Distant-water longline ﬂeets of Japan, Korea, Chinese Taipei and
China, and the domestic ﬂeets of a number of south Paciﬁc Island
countries and territories (PICTs), focus their ﬁshing on adult alba-
core. A troll ﬁshery for juvenile albacore has operated in New
Zealand’s coastal waters since the 1960s and in the central Paciﬁc
since the mid-1980s. Driftnet vessels from Japan and Chinese Taipei
targeted albacore in the central Tasman Sea and in the central
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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made on ﬁsheries dynamics and the levels of ﬁshing costs and catch
value (Punt et al., 2014a), potentially increasing the uncertainty in
the estimates of this target. Despite this uncertainty, however, itig. 1. Catch of south Paciﬁc albacore by gear (all the south Paciﬁc, south of the equ
hundreds of hooks) south of 10◦S within the WCPFC convention area to approxima
outh western Paciﬁc during the 1980s and early 1990s, before that
ethod of ﬁshing was banned (Fig. 1).
The Western and Central Paciﬁc Fisheries Commission (WCPFC)
as adopted a limit reference point for the south Paciﬁc albacore
tock of 20% of unﬁshed spawning stock biomass levels (20% SBF=0),
here SBF=0 is calculated as the average stock size that would have
een present in the absence of ﬁshing over the most recent 10 years
f the stock assessment (Berger et al., 2013; WCPFC, 2013). This
etric was selected to reduce the impact of uncertainty within the
tock-recruitment relationship on management quantities. The last
ssessment of the south Paciﬁc albacore stock (Hoyle et al., 2012)
stimated that the stock was not overﬁshed in 2010 (the spawn-
ng potential being greater than both the equilibrium spawning
otential at maximum sustainable yield (MSY) and the biomass
imit reference point subsequently adopted by WCPFC in 2013),
nd overﬁshing was not occurring (deﬁned as ﬁshing mortality
eing below that producing the MSY). Longline catches increased
otably in 2009 and have remained high since, a period not well
epresented within the last assessment. However, projections of
tock status from 2010 using recent higher catches have indicated
hat those increased catch levels were not sufﬁcient to change the
verall stock status estimated from the 2012 assessment, and the
tock would remain substantially greater than the adopted limit
eference point (WCPFC, 2014). In part, this is due to the somewhat
nique ﬁshing pattern of the majority of the longline ﬂeet for this
pecies. The selectivity of the gear means it tends to catch larger,
lder tuna that has had a chance to reproduce and hence sustain
he albacore population before they are caught (Fig. 2).
While the stock is predicted to remain healthy relative to the
imit reference point, the increase in catches in recent years has
oincided with reductions in vessel catch rates, in particular those
f the smaller-scale ﬂeets within the PICTs, such as those of Amer-
can Samoa, Cook Islands, Fiji, French Polynesia, New Caledonia,
amoa, Tonga, and Vanuatu. The stock represents a key compo-
ent of the catch of these ﬂeets, whose generally limited geographic
ange constrains their options to ﬁsh further aﬁeld for alternative
tocks that could act as substitutes when target albacore catch rates
re low.
Reductions in catch rates over time were predicted from the
tock projection analyses. Those reductions are exacerbated by the
electivity pattern estimated for longliners; their reliance on a rel-
tively small part of the population means that the number of
arge-sized albacore decreases rapidly as ﬁshing effort and catches
ncrease. This reduction in catch rates has had major economic
mplications for the ﬂeets ﬁshing for albacore.
Activities within the WCPFC and the sub-regional Forum Fish-
ries Agency’s Sub-Committee on south Paciﬁc tuna and billﬁsh
sheries, have focussed on deﬁning management objectives for the
shery that can be translated into target reference points. Following ‘Other’ catches are primarily driftnet catches. Black line denotes the longline effort
acore targeting. Note 2014 effort returns are not yet complete.
catch rate declines and impacts on ﬂeet proﬁtability, a key emerg-
ing objective has been the economic viability of ﬂeets that ﬁsh for
south Paciﬁc albacore (WCPFC, 2012). It is therefore important to
understand the economics of longliners exploiting south Paciﬁc
albacore to ensure the sustainability of both those ﬂeets and the
resource base they exploit, the trade-offs between them (Pascoe
et al., 2014), and hence suitable target reference points. This has led
to discussions focused on Maximum Economic Yield (MEY; Clark,
1990; Grafton et al., 2010), the equilibrium level of yield and corre-
sponding effort level that maximizes expected economic beneﬁts
from ﬁshing. The lone example of its formal adoption as a target ref-
erence point is the federally-managed ﬁsheries of Australia (Rayns,
2007), where the Australian Fisheries Management Act 1991 states
the maximisation of economic efﬁciency as an explicit objective,
and the associated Australian Fisheries Harvest Policy (DAFF, 2007)
that MEY  or a relevant proxy be the target reference point. The value
of BMEY is speciﬁcally estimated through varying approaches within
three key ﬁsheries (see Dichmont et al., 2010; Kompas et al., 2010,
2011; Smith and Smith, 2001) and proxies related to MSY  values
used for others (BMEY ∼ 1.2BMSY). As a step beyond the biological
basis of MSY, direct estimation of MEY  requires assumptions to beFig. 2. Percentage of the albacore tuna population biomass vulnerable to longline
gear by age, compared to the percentage of immature and mature ﬁsh.
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Table 1
List of price and cost scenario options used to calculate net present value. Nine
scenarios were examined, covering each combination of the three scenarios for price
and cost/hook. Note that a price supplement was  deﬁned for the Japanese ﬂeet (not
shown here, +5% for the main tuna species).
Parameter Species High Medium Low
Price/mt (USD) Albacore 2957 2464 1971
Yellowﬁn 6376 5313 4250
Bigeye 9365 7804 6243
Billﬁsh 5400 4500 3600
Sharks 1860 1550 1240G.M. Pilling et al. / Fisherie
oes better represent a common management objective of opti-
ising economic beneﬁts from a given ﬁshery.
This paper develops candidate biological and economic target
eference points for the south Paciﬁc albacore stock, based upon
n approach that integrates across multiple assessment models
nd hence better captures key uncertainties in our understand-
ng of the biology of the stock. Along with Western and Central
aciﬁc Ocean skipjack tuna, where current candidate target refer-
nce points relate to stock sizes over twice that at MSY  (Parties to
he Nauru Agreement, 2015), the analysis for south Paciﬁc alba-
ore represents a ﬁrst attempt to consider speciﬁc target reference
oints beyond ‘default’ MSY  levels for stocks managed within tuna
FMOs (e.g., ISSF, 2015). We  develop a deterministic bio-economic
odel for the longline ﬁshery exploiting south Paciﬁc albacore to
dentify a range of economic target reference points for this ﬁsh-
ry beyond the ‘optimal’ Maximum Economic Yield (MEY) concept.
e then examine the potential implications of these economic and
lternative biological and ﬁshery candidate target reference points
TRPs) for the southern longline ﬁshery and south Paciﬁc albacore
tock through stochastic projections, to help guide discussions on
heir relative ability to achieve management objectives.
. Material and methods
Candidate target reference points for the stock and ﬁshery were
xamined in two stages. In the ﬁrst, a bio-economic model for the
outhern longline ﬁshery was developed based upon a determin-
stic analysis to estimate equilibrium economic quantities. In the
econd, ﬁshing levels that equated to various candidate target ref-
rence points, including the economic levels estimated in the ﬁrst
tage, were identiﬁed. Their consequences for the stock and the
ongline ﬁshery were evaluated through stochastic stock projec-
ions.
.1. Estimating catch over a range of effort levels
Time series of albacore catch and longline effort were developed
ased on deterministic stock projections from the 2012 MULTIFAN-
L assessment of south Paciﬁc albacore (Hoyle et al., 2012), which
rovided estimated stock status in 2010 (see Appendix A for further
etails). Stock projections to the year 2030 were used to estimate
lternative future south Paciﬁc albacore catch levels under a range
f longline ﬁshing effort levels. Fleet catchability (which can have
 trend in the historical component of the model) was  assumed to
emain constant in the projection period at the level estimated in
he last year of the assessment model. The deterministic projec-
ions were run from nine different stock assessment models that
ere selected by the Scientiﬁc Committee of the WCPFC as best
epresenting uncertainty in the knowledge of albacore biology and
urrent conditions (speciﬁcally, runs that captured uncertainty in
he steepness of the stock-recruitment relationship and the rate of
atural mortality), and the future economic, ﬁshery and biological
stimates calculated in this paper represent averages over these
ine models under deterministic conditions, weighted as deﬁned
t that WCPFC meeting (attachment G of WCPFC, 2014; Appendix
). Future recruitments at given annual adult stock biomass levels
ere assumed from the stock-recruitment relationship estimated
ithin each stock assessment run.
The stock assessment models a sub-set of the actual ﬁshing
eets operating within the south Paciﬁc. The economic anal-
ses concentrated on those modelled longline ﬂeets operating
ithin the southern WCPFC Convention Area (WCP-CA). Effort of
hose longline ﬂeets were scaled relative to their effort in 2010
ithin projections. Those ﬂeets were: Japan, Korea, Chinese Taipei,
ustralia, New Caledonia, Fiji, American Samoa, Tonga, French Poly-Other ﬁnﬁsh 2957 2464 1971
Cost/hook (USD) 1.30 1.10 0.90
nesia, New Zealand and a group of ﬂeets termed ‘others’, which
represented six grouped ﬂeets, one group from each of the six geo-
graphic regions of the assessment of Hoyle et al. (2012). Activity
of ﬂeets operating in the south Paciﬁc outside the WCP-CA and the
WCP-CA troll ﬂeet remained at 2010 levels within projections.
While south Paciﬁc albacore is the target species of the south-
ern longline ﬁshery, other economically valuable species are also
caught, including tropical tuna species. We  take the ﬁnancial value
of these ‘bycatch’ species into account when estimating total catch
revenue and developing economic candidate target levels, thereby
avoiding the issue of allocating costs to an individual species when
multiple species are caught jointly (Punt et al., 2014a). Logsheet
data for the period 1990–2012 were used to calculate annual
species catch compositions for each modelled ﬂeet within the
southern WCP-CA (south of 10◦S, where albacore is targeted).
Fleet-speciﬁc relationships were then developed between annual
albacore catch levels and the corresponding annual catches of yel-
lowﬁn, bigeye, combined billﬁsh, sharks, and a combined ‘other
species’ category for each ﬂeet. Linear regressions were ﬁtted to
the natural logarithms of the catch data using the lm() function in R
(R Core Team, 2014). Where diagnostics indicated that there was  no
signiﬁcant relationship with the albacore catch level taken by a ﬂeet
(identiﬁed through the r2 and signiﬁcance of regression slope val-
ues), a constant catch of that bycatch species or group was assumed,
being the average over the time period. Where a statistically signiﬁ-
cant relationship was  found, the annual ﬂeet catches of south Paciﬁc
albacore predicted within the projections were used to estimate
the bycatch quantities of the other species. Further information is
provided in Appendix B.
2.2. Economic model for the southern longline ﬂeet
The economic model estimates the economic yield by the south-
ern longline ﬂeet under a range of effort levels. Economic yield is
deﬁned as the net present value (NPV) of the economic proﬁt earned
by the ﬂeet over the 20 year projection period before payments for
access fees. Economic proﬁt is deﬁned as the revenue earned from
the catch less the economic cost of producing the level of effort
required to take that catch, and hence refers to the value to the ﬁsh-
ing industry at the point of landing—i.e., the costs and revenue are
those of harvesters. The potential consequences of this assumption
are discussed later. Economic costs are deﬁned as the costs incurred
in the operation of the vessel including vessel operating costs (for
example, fuel, bait and crew wages), other cash costs (for exam-
ple, insurance and administration) and capital costs (that is, the
depreciation of capital equipment over time and the opportunity
cost of capital). The opportunity cost of capital reﬂects the return
that could be earned from an alternative investment of similar risk.
The capital invested reﬂects the total investment in the operation
regardless of the source of the funding for that investment, which
may  come from vessel operators, company shareholders or banks
and other lending institutions (through their provision of loans).
170 G.M. Pilling et al. / Fisheries Rese
0
500
1,000
1,500
2,000
2,500
3,000
3,500
4,000
19
97
19
98
19
99
20
00
20
01
20
02
20
03
20
04
20
05
20
06
20
07
20
08
20
09
20
10
20
11
20
12
20
13
20
14
20
15
ennotcirte
mrep
DSU
Fig. 3. USD real term prices (in 2014 USD terms) for imports of albacore into
Thailand. 2015 prices for the period to May  31. Dotted line represents linear regres-
sion line. Thai Baht Prices are obtained from the Customs Department: Thailand
(www.customs.go.th/wps/wcm/connect/custen/home/homewelcome), and con-
verted into USD based on interbank exchange rates (www.oanda.com/currency/
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ccess fees are excluded from ﬁshing costs as the intention of the
nalysis is to examine economic proﬁts that are generated from the
shery regardless of whether it is subsequently captured by ﬁrms
perating ﬁshing vessels or coastal states charging for access. As
he study examines economic proﬁts generated in the harvest sec-
or of the ﬁshery only, other wider economic beneﬁts to national
conomies from the ﬁshery, such as employment, on-shore pro-
essing, government taxes received, etc., are not considered.
With regard to ﬁsh prices, all southern WCP-CA longline ﬂeets
ere assumed to achieve comparable prices for each species based
n ex-vessel regional market prices (Table 1). The exception was for
he Japanese ﬂeet, where higher (Japanese market) prices for the
una species were assumed, being approximately 5% higher than
or other ﬂeets. Market prices were assumed to be constant (in
eal terms) throughout the projection period, invariant to the land-
ng location and the total catch of the southern longline ﬂeet, and
id not take into account any size-based market differences. While
here are short term ﬂuctuations in response to changes in supply
nd demand, the long term trend in real prices for albacore imports
nto Thailand since 1997 has been remarkably ﬂat (Fig. 3), despite
 notable upward trend in catch levels over this period (Fig. 1). The
se of a price reﬂective of the long term trend price is not unrea-
onable as this paper is focused on long-term outcomes within a 20
ear projection period. To examine uncertainties arising from these
ssumptions, however, three market price structures were exam-
ned, reﬂecting ‘low’, ‘medium’, and ‘high’ prices. The ‘medium’
rice approximated recent (mid-2014) ex-vessel price levels, while
he high and low price levels were calculated as ±20% from that
evel, respectively, to reﬂect the range of price ﬂuctuations in real
erm market prices seen in the last nineteen years (e.g., Fig. 3). Thai
mport prices in mid-2014 were around their long term trend level
f USD 2900/mt (2014$s) and thus the mid-2014 ex-vessel prices
sed should be reﬂective of the ex-vessel long-term trend price.1
nnual ﬂeet revenues were calculated from the summed product
f the estimated catch of each species, and the price achieved for a
etric ton.
As the effort metric used within the stock assessment is the
umber of hooks set, costs were speciﬁed in terms of $s per hook
et. Based on knowledge of the cost structure of some regional ﬂeets
1 Ex-vessel prices and Thai imports prices differ; ex-vessel prices represent that
eceived by the vessel operator whereas Thai import prices reﬂect the value of the
roduct at the point of arrival in Thailand. The prices within Table 1 are lower than
hose in Fig. 3 as a result.arch 174 (2016) 167–178
(e.g., Kirchner et al., 2014) the base cost was  set at USD 1.10 per
hook, where this cost reﬂects total operating, ﬁxed and capital costs
per hook given current operational patterns and cost structures.
This approach of specifying costs in per hook terms implies that if
effort levels are reduced (increased) vessel numbers would reduce
(increase) proportionately, that is, the vessels remaining in the ﬁsh-
ery would continue to expend a similar level of effort per year as
they do currently and their cost structure would be unchanged.
An additional assumption implicit in specifying costs in per hook
terms is that the cost of all inputs vary with effort levels (hooks
set), whereas, for some inputs, such as labor and transhipment cost,
costs may  be more closely related to catch levels. Further, as with
ﬁsh price, the cost of putting a hook in the water was  assumed to
remain constant (in real terms) over the projection period. Given
large ﬂuctuations in fuel prices and the signiﬁcant component of
operating costs that fuel represents, and the potential for changes
in vessel efﬁciency in terms of hooks set per day, costs are likely to
vary signiﬁcantly over time. The slump in fuel prices seen since
mid-2014 illustrates this. Given the factors outlined above, the
uncertainties associated with current cost estimates and the lack of
detailed costings for many of the ﬂeets involved in the ﬁshery, the
approach taken was  to use available cost estimates and undertake
sensitivity analyses to examine the impact of changes in assumed
cost levels. The sensitivity analyses were conducted with a cost
structure ±USD 0.20 per hook of the base estimate.
In calculating the net present value (NPV) of the economic prof-
its earned in the ﬁshery, future proﬁts were discounted. Larkin et al.
(2001) found discount rates within a range of 4–15% to be appropri-
ate for applied ﬁsheries models, noting that the use of discount rates
in studies involving the management of publicly-owned resources,
including ﬁsheries, is exhaustive, with a wide range of discount
rates used and varied opinions on their appropriateness. For this
analysis a 5% discount rate was  initially chosen, with higher rates
also examined. While higher discount rates reduce the NPV of eco-
nomic proﬁts generated under a given level of effort, they have
negligible impact on the level of effort required to achieve the nom-
inated reference points. Therefore, results are reported only under
the discount rate initially selected, that is, 5%. The equation for NPV
was:
NPV =
∑
t
(
1
1 + r
)t
× [Revenuet − C(Effortt)]
where:
Revenuet =
∑
sp
(Catchsp,t × Psp)
r is the discount rate, t is the year from the start of the projec-
tion period, annual revenue (Revenuet) is the summed product
of the annual Catchsp,t of each species or species group (sp; see
Table 1) and corresponding species price (Psp) (USD per mt), C is
the assumed total cost per hook, and Effortt is the annual effort
(number of hooks) under the speciﬁed effort scalar.
NPV of the economic proﬁts was  calculated for each of the pro-
jected longline effort levels, applied equally across all WCP-CA
longline ﬂeets and ranging from 5 to 250% of 2010 effort levels,
over the 20 year projection period. We  note that the albacore stock
reached equilibrium with the effort level projected within that
period, and extending the projection for a longer period, while
affecting the absolute NPV calculated, did not affect the relative
effort required to achieve the economic target candidates of key
interest to this study.Using these outputs, the level of effort associated with the max-
imum net present value of economic proﬁts earned (or, as deﬁned,
maximum economic yield (MEY)) was  estimated. Candidate tar-
get levels that might be more consistent with balancing economic,
G.M. Pilling et al. / Fisheries Research 174 (2016) 167–178 171
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hese candidate levels were:
Where no economic proﬁts are earned, that is, the investment
return obtained is equal to that which could be earned from an
alternative investment of similar risk. This is referred to as the
“break-even” level.
Where revenues exceed economic costs by 10%. Referred to as
the “10% revenue margin”.
These values were estimated for each of the nine combinations
f ﬁsh price and ﬁshing cost-per-hook.
The steps taken within the analysis were therefore:
i. deterministically project a 20 year time series of south Paciﬁc
albacore catch resulting from longline ﬁshing in the WCP-CA at
different future effort levels, and estimate associated bycatch
levels;
ii. overlay price information to obtain a time series of revenue from
the predicted catch and the economic cost associated with the
ﬁshing effort level for the nine price/cost combinations;
ii. calculate economic proﬁts across the time series, discount
future rents at 5% per annum, and sum across the discounted
time series to get the NPV; and
v. identify the levels of effort that over the projection period (i)
maximize NPV (ii) provide a 10% revenue margin over economic
costs and (iii) equate to the ‘break-even’ point for the ﬁshery, i.e.,
where economic proﬁts are zero.
.3. Consequences of candidate TRPs for the stock and ﬁshery
To evaluate the consequences of candidate biological and eco-
omic target reference point levels for the stock and ﬁshery, and
o incorporate uncertainty into future status and hence allow
xamination of the risk of falling below the limit reference point,
tochastic stock projections were performed from the 2012 south
aciﬁc albacore stock assessment. Two hundred 20 year projec-
ions were performed from each of the nine stock assessment runs
elected by the WCPFC Scientiﬁc Committee to capture structural
ncertainty. Results were again weighted at the levels agreed by
he Scientiﬁc Committee when calculating average future condi-
ions and risk (average future albacore catch, average vulnerable
iomass, average stock levels (%SBF=0) under given targets as welleet and species category. Fleets are: American Samoa (AS), Australia (AU), Fiji (FJ),
ch Polynesia (PF), Tonga (TO) and Chinese Taipei (TW).
as status relative to the limit reference point, i.e., risk) (WCPFC,
2014). Variability in future recruitment was  modeled around the
stock-recruitment relationship estimated within each model run,
with future recruitment deviates sampled from those calculated for
the historical assessment time period. As for the deterministic pro-
jections, ﬂeet catchability was again assumed to remain constant
in the projection period at the level estimated in the last year of the
assessment model.
The following biological and economic target reference point
levels were examined:
- Future longline effort levels that precisely met  the criteria of low
levels of risk of reducing the spawning biomass below the agreed
limit reference point of 20%SBF=0 in 2030 (speciﬁcally, 5%, 10%,
15% and 20% risk);
- Future longline effort levels that achieved the maximum sustain-
able yield (MSY) on average in 2030. MSY  can be considered a
candidate target level under the WCPFC Convention;
- Three candidate economic target reference point levels, as esti-
mated within the deterministic bio-economic model:
- Future longline effort levels that on average achieved MEY;
- Future longline effort levels that on average achieved a 10% rev-
enue margin over economic costs within the longline ﬁshery;
- Future longline effort levels that on average achieved revenues
that are equal to economic costs (the ‘break-even’ level).
Future ﬁshing effort within the longline ﬁsheries of the south-
ern WCP-CA were again scaled relative to 2010 levels, but those
levels were adjusted to achieve each of the candidates TRP levels
on average (or exceed the limit reference point by the desired level
of risk) by the end of the 20 year projection period. Levels of activity
in the troll ﬁshery, and longline ﬁshery outside the WCP-CA, were
again kept constant at 2010 levels.
Following identiﬁcation of future longline ﬁshing levels that
achieved each candidate target reference point level, summary
metrics were calculated related to the average 2030 south Paciﬁc
albacore population biomass, ﬁshing mortality and catch, and con-
sequences for longline CPUE (speciﬁcally the relative change in
average biomass of albacore vulnerable to the ﬁshing gear, taking
into account the selectivity of the gear and the number of individu-
als at length in the population). Unﬁshed spawning stock biomass
(SBF=0, calculated as the average of the spawning biomass over the
period 2001–2010 that would have occurred in the absence of ﬁsh-
172 G.M. Pilling et al. / Fisheries Research 174 (2016) 167–178
Fig. 5. Estimates of the net present value (NPV) of economic proﬁts are shown for the south Paciﬁc longline ﬁshery operating in the WCPFC convention area for different
cost  per hook (USD) and price structure (see Table 1) assumptions using a discount rate of 5%. Effort multipliers are relative to 2010 levels. Effort in 2012 was  1.26 times 2010
levels  (according to logsheet information).
Fig. 6. Estimates of the net present value (NPV) of economic proﬁts by modelled ‘ﬂeet’ under overall ‘break-even’ conditions (scalar = 0.78) under the scenario of medium
cost  per hook (USD) and price structures and a discount rate of 5%.
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ng) was calculated within each of the nine assessment model runs
o ensure consistency with the underlying biological assumptions.
he agreed Limit Reference Point was therefore 20% of the unﬁshed
evel calculated within each run.
. Results
.1. Deterministic bio-economic model
The predicted catch and catch value composition by species
n the ﬁnal year of the projection (2030) was variable among
ongline ﬂeets (Fig. 4). On average, albacore was predicted to repre-
ent approximately 50% of all ﬂeet longline catches by weight but
nly 30% of the total value at ‘medium’ prices. Similarly, catches of
illﬁsh and that for ‘other’ species represented a higher proportion
f the total catch compared to their proportion of the total value. In
ontrast, yellowﬁn and bigeye comprised a higher proportion of the
atch value (26% and 24%, respectively) compared to total landed
atch weight (19% and 10%, respectively).
Estimates of NPV changed considerably with the relative level
f ﬁshing effort applied in the southern WCP-CA across the nine
lternative economic scenarios examined (Fig. 5). Results are com-
ared both to the 2010 baseline year, and to the more recent effort
eak of 2012, which was around 26% greater than 2010 effort levels
nd reﬂects recent developments in the size and operations of the
shing ﬂeet.
Estimated MEY  occurred at extremely low effort levels in all
cenarios, generally between 5 and 25% of the 2010 effort. The
xception was the high price/low cost scenario, where MEY  was
chieved at 38% of 2010 effort levels. Those low efforts implied
ow catch levels, being 11–35% of the estimated MSY  level at
000–43,000 mt  (Table 2). The estimated increase in the NPV of eco-
omic proﬁts from operating at MEY  compared to 2012 effort levels
as between around USD 900 million and USD 4.4 billion, over the
0 years with a 5% discount rate. At MEY, under the medium price
nd cost scenario assumption, all modelled ﬂeets were achieving
roﬁts.
Conditions required to achieve a 10% revenue margin over eco-
omic costs within the ﬁshery generally implied reductions in
ffort from 2010 levels. Only in the scenario of high prices and low
osts was a 10% revenue margin achieved at levels greater than
010 effort (Table 2); in general, a 10% revenue margin required
ffort reductions of between 9 and 69%. At those levels the esti-
ated increase in the NPV of economic proﬁts from operating at
 revenue margin over economic costs of 10% compared to 2012
ffort levels was between USD 300 and 800 million. Resulting
quilibrium albacore catches were between 37,000 and 87,000 mt,
ependent on the cost and price structure. When an overall 10%
evenue margin over economic costs is achieved under the medium
rice and cost scenario assumption, nine of the eleven ﬂeets achieve
roﬁts, with the modelled ﬂeets of Japan and Korea making small
osses. These two ﬂeets combined represented a quarter of the
ffort in 2010, and hence their relative costs were high for the
iven catch levels (and hence revenue) implied by their modeled
ear selectivities, constant catchabilities, and relative catches of
lbacore to ‘bycatch’ species.
‘Break-even’ (where no economic proﬁt was made across the
eets) was consistent with greater than 2010 effort levels in three
f the nine cost-price scenarios. However, the ﬁshery was oper-
ting above the break-even level in only one of the scenarios at
012 effort levels (when effort was 26% higher than 2010 levels;
ig. 5). This suggests that maintaining 2012 effort levels would lead
o vessels exiting the ﬁshery as the returns generated in the ﬁsh-
ry, as a result of low CPUE, are insufﬁcient to justify remaining
n it. Average albacore catch levels achieved at ‘break-even’ were Ta
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Table 3
WCP-CA longline ﬂeet effort scalars that achieve alternative candidate target reference point levels, and the average stock and ﬁshery status that results.
Candidate levels Longline effort
scalar (2010)
Median
SB2030/SBF=0
Median F2030/FMSY Median
SB2030/SBMSY
Median longline
VB2030/VB2010
(relative change in
catch rate)
Median albacore
catch
(Catch2030/Catch2010)
P (SB2030 < LRP)
Status quo conditions
2010 effort 1.00 0.67 0.16 2.51 0.94 0.90 0
Minimum TRPs based on LRP risk levels
Risk of exceeding LRP
5% 3.74 0.38 0.54 1.45 0.46 1.41 0.05
10%  4.00 0.37 0.58 1.40 0.44 1.43 0.10
15%  4.31 0.35 0.62 1.33 0.42 1.44 0.15
20%  4.75 0.33 0.68 1.26 0.39 1.46 0.20
Candidate TRPs
MSY  6.8 0.25 1.00 1.00 0.28 1.51 0.34
MEYa
Cost $0.9 per hook 0.25 0.90 0.05 3.36 1.36 0.37 0
Cost  $1.1 per hook 0.16 0.94 0.04 3.51 1.44 0.27 0
Cost  $1.3 per hook 0.10 0.98 0.03 3.64 1.49 0.19 0
10%  revenue margina
Cost $0.9 per hook 0.94 0.68 0.15 2.57 0.97 0.86 0
Cost  $1.1 per hook 0.65 0.76 0.11 2.85 1.10 0.70 0
Cost  $1.3 per hook 0.47 0.81 0.09 3.04 1.20 0.57 0
Break-evena
Cost $0.9 per hook 1.12 0.64 0.17 2.41 0.90 0.94 0
Cost  $1.1 per hook 0.78 0.72 0.13 2.72 1.03 0.78 0
Cost  $1.3 per hook 0.57 0.78 0.10 2.94 1.14 0.65 0
A
 main species caught, which are mid-2014 ex-vessel prices.
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Fig. 7. Stochastic projections of adult stock status under longline effort levels that
achieve MSY. The limit reference point (20% SBF=0) is indicated by the horizon-
tal dashed red line. The historical average status from 1960 up to 2010 inclusive
represents that across the 9 assessment model runs (structural uncertainty only).
Uncertainty after 2010 represents both structural uncertainty and stochastic recruit-
ment. (For interpretation of the references to color in this ﬁgure legend, the reader
is  referred to the web  version of this article.)pproximate effort scalar for 2012 relative to 2010:1.26.
a Values presented for ﬁnancial levels calculated using the ‘medium’ prices of the
etween 43,000 and 94,000 mt,  dependent on the cost and price
tructure (Table 2). Examining the ﬂeet-speciﬁc performance under
break-even’ conditions (assuming medium prices and costs), eight
f the eleven modelled ﬂeets achieved a proﬁt, while 3 ﬂeets made
otable losses, in particular those of Japan and Korea (Fig. 6).
.2. Consequences of candidate TRPs for the stock and ﬁshery
Implications of the alternative target reference points for the
outh Paciﬁc albacore stock and WCP-CA longline ﬁshery, as eval-
ated using stochastic stock projections, are presented in Table 3.
To provide a baseline, ‘status quo’ stochastic projections were
erformed where conditions in 2010 were assumed to hold into
he future. Under those conditions, catches and catch rates were
redicted to reduce by 10% and 6% respectively, and the stock size
ould decline to 67% SBF=0. The stock, however, remained well
bove the agreed limit reference point and there was  no risk of
alling below it, while ﬁshing mortality remained less than 20% of
MSY.
.2.1. TRP deﬁned by LRP risk levels
The lower the permissible risk of falling below the limit refer-
nce point, the further the minimum stock size must be from that
imit level (Table 3). Where the risk of falling below the limit refer-
nce point was reduced to 5%, that minimum average adult stock
ize was 38% of SBF=0, almost double the LRP level. This can be com-
ared to a level of 33% SBF=0 where a less precautionary 20% LRP risk
as allowed. Under all four candidate levels of risk, corresponding
verage ﬁshing mortality levels were below FMSY levels; the aver-
ge level of ﬁshing mortality ‘allowed’ at a 5% risk level equated
o an F/FMSY of 0.54, while at a 20% level of risk it was  0.68 F/FMSY.
n turn, spawning biomass levels were 26–45% greater than those
t MSY. Minimum permissible stock levels consistent with limiting
he LRP risk to deﬁned levels all equated to over a 50% decrease
n vulnerable biomass (CPUE) levels by 2030 compared to those in
010, and over 40% increases in catch compared to 2010 estimates.It should be noted that the estimated compatible minimum stock
biomass levels for the different levels of risk are conditioned on the
levels of uncertainty examined within the analysis. Including dif-
ferent levels of uncertainty would imply different minimum target
reference point levels.
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.2.2. MSY
Achieving conditions comparable to maximum sustainable yield
ould require almost 7 times the level of effort present in 2010
Table 3). For that increased effort, the albacore catch increased
y just over 50% compared to 2010 levels. The resulting average
pawning biomass relative to SBF=0 at MSY  was 0.25, which is close
o the limit reference point. Indeed, at MSY  the risk of falling below
he limit was 34% (a 1 in 3 chance; Fig. 7 and Table 3). Catch rates
t MSY  were predicted to decline to 28% of 2010 levels.
.2.3. Economic target levels
The results for the candidate economic target levels are
resented for the ‘medium’ ﬁsh price values, and the three cost-
er-hook levels (Table 3). At all 3 candidate economic target levels,
valuations indicated no risk of falling below the limit reference
oint.
The low effort levels required to achieve maximum economic
ield resulted in catches around or below a third of 2010 levels, and
atch rates between 36% and 49% higher than 2010 levels. Spawning
iomass levels were 90–98% of SBF=0 and ﬁshing mortality levels at
–5% of those at FMSY.
Achieving a 10% revenue margin over economic costs also
equired reductions from 2010 effort levels, but those reductions
ere less extreme than those required to achieve MEY. Correspond-
ng ‘target’ spawning biomass levels were between 68% and 81% of
BF=0, dependent upon the ﬂeet cost structure. Equivalent ﬁshing
ortality levels were well below those required to achieve MSY
9–15% FMSY), and albacore catches were below 2010 levels. Unless
he lowest cost per hook value was assumed, catch rates (vulnerable
iomass) increased relative to 2010 levels by 10–20%.
’Breaking even’ (where no economic proﬁts were made) gener-
lly required ﬁshing effort levels lower than those in 2010. Reduced
ffort led to lower catches but higher catch rates. The exception was
here the cost-per-hook was a low USD 0.90; ‘break-even’ condi-
ions were then achieved at ﬁshing effort levels 12% higher than
hose in 2010. At all break-even levels, average ﬁshing mortality
as 10–17% of that required to achieve MSY. Spawning biomass
evels were three to four times the LRP level, ranging from 64 to
8% of SBF=0.
. Discussion
Continued ﬁshing at recent levels is predicted to imply no bio-
ogical risk to the stock, but to further reduce ﬂeet catch rates of
outh Paciﬁc albacore, with consequences for the proﬁtability of
eets exploiting the stock. This highlights the pressing need to
evelop target reference points to supplement the limit reference
oint recently adopted for south Paciﬁc albacore.
The current ‘default’ target reference point of maximum sus-
ainable yield, and the ﬁshing mortality that would achieve it, are
onsistent with the convention of the WCPFC. However, for south
aciﬁc albacore a target of MSY  equates to stock sizes too close
o the adopted limit reference point. Given the level of uncertainty
ncluded within the evaluations performed, the risk of falling below
he limit reference point when at MSY  is 34%. For this stock, there-
ore, MSY  as a long-term target reference point is not consistent
ith achieving a ‘low risk’ of falling below the LRP. Catch rates
ssociated with MSY  are also economically unviable.
The mismatch between MSY  and MEY  for south Paciﬁc alba-
ore was greater than has been seen for other ﬁsheries (e.g., Pascoe
t al., 2014). FMEY estimates for the south Paciﬁc longline ﬁshery
ere 3–5% of the FMSY estimate and SBMEY 3.4–3.6 times the SBMSYevel. These effort and biomass levels were much lower and greater,
espectively, than the 55–65% effort levels and 1.3–1.4 times BMSY
evels that Pascoe et al. (2014) indicated as potential MEY  proxies.
his difference is inﬂuenced by the size selectivity pattern of southarch 174 (2016) 167–178 175
Paciﬁc albacore longline ﬁshing focused on larger adults, and rela-
tively low prices for the species. As a result, the ratio between cost
and revenue is relatively high, and the relatively large mismatch
between SBMEY and SBMSY is consistent with the trends identiﬁed
in the modelling work of Punt et al. (2014a).
Acceptable levels of risk of falling below the adopted limit ref-
erence point level had not yet been agreed, but would provide
guidance on the minimum levels of a target reference point for
south Paciﬁc albacore. Given its importance to southern PICT ﬁsh-
eries, an acceptable limit risk level of 5–10% may  be appropriate.
On that basis, the minimum size of the stock consistent with that
level of risk and the levels of uncertainty considered within the
analysis would be 37–38% SBF=0, i.e., stock sizes 50% larger than
those at MSY. However, those minimum target levels still implied
halving longline catch rates compared to 2010 levels, and hence
would still likely lead to increased ﬁnancial hardship within the
ﬁshing industry as well as social and economic hardship for the
island states that rely on those ﬁsheries. These minima therefore
appear inconsistent with economic objectives for the ﬁshery, and
suggests that economic, rather than biological, requirements will
provide the standards for a target reference point for this ﬁshery.
The WCPFC convention text allows target levels to vary from MSY
levels in this way, in that it states measures should “maintain or
restore stocks at levels capable of producing maximum sustainable
yield, as qualiﬁed by relevant environmental and economic fac-
tors, including the special requirements of developing States in the
Convention Area, particularly small island developing States”.
The level of uncertainty examined within the current analy-
sis has only captured two of the ﬁve categories of uncertainty
described in Rosenberg and Restrepo (1994): model error through
the use of a range of alternative assessment models as the basis for
projections; and some process error in future conditions through
the stochastic resampling of future recruitment. However, this is
likely an underestimation of future uncertainty and hence the ‘min-
imum’  target reference points would be more conservative than
indicated here.
MEY  could be considered an ‘optimal’ economic target level,
but like the estimates of conditions required to achieve MSY, they
may be incompatible with other management objectives. The esti-
mated reductions in effort to achieve MEY  levels are so severe that
they may  render MEY  unpalatable for managers who  must trade-
off social and wider economic factors when selecting target levels,
such as employment within the local ﬁshery sector or the level
of revenue received through licensing of vessels to operate within
their EEZ.
The MEY  estimated here is based purely on the economic prof-
its generated from the catching sector. It does not consider other
economic beneﬁts that may  be generated more widely within that
sector (for example, the employment of crew who may otherwise
be unemployed) or those that are generated by its activities but
are outside the sector (for example, through the supply of ﬁsh to
processing industries; Hamilton et al., 2011; Philipson, 2006). These
beneﬁts are likely to be particularly important in developing states,
including many PICTs, where there is signiﬁcant under-utilisation
of resources, particularly labor (Sumaila and Hannesson, 2010).
Including the wider beneﬁts generated by activity in the catching
sector will likely increase the level of ﬁshing effort consistent with
MEY. However, in some ﬁsheries MEY  remains a good proxy for the
conditions that maximize ﬂow-on effects (e.g., Norman-López and
Pascoe, 2011).
Greatly improved economic performance can be obtained with-
out reducing effort to the degree required to achieve the optimal
MEY  level. For example, achieving a 10% revenue margin over eco-
nomic costs within the ﬁshery may  be a more sensible target than
MEY at recent ﬁsh prices. However, reductions from 2010 effort lev-
els were still required to achieve that economic target. These effort
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eductions were of 6–53% dependent on the cost of ﬁshing. Even
he ‘break-even’ level, where no economic proﬁts are generated,
enerally required reductions in effort from 2010 levels, although
his was also dependent upon prices and costs. Indeed, this implies
hat under recent ﬁsh prices, maintaining 2010 effort levels (and in
articular, 2012 effort levels which are estimated to be 26% higher
han those in 2010) would result in catch rates being lower than
hat required for most of the ﬂeet to remain economically viable.
These analyses present the results that would be achieved ‘on
verage’ for given prices and costs. However, both may  vary within
nd between ﬂeets, due to varying home ports, subsidies, markets,
essel age and other factors. As shown within this study, those
eets or vessels with lower operating costs (such as vessels that
eceive subsidies from national governments; Ilakini, 2013; Mora
t al., 2009) have more ‘ﬂexibility’, and could continue operating
t lower catch rates than average vessels. Considering the medium
atch price structure, vessels with lower costs have a ‘break-even’
oint that allows for a 10% decline in catch rates from 2010 levels,
hereas those vessels with high operational costs require a 14%
ncrease from 2010 catch rates to break-even. This is a signiﬁcant
ssue for those longline ﬂeets targeting south Paciﬁc albacore, given
hat PICT ﬂeets may  be operating at a competitive disadvantage to
eets from other nations who subsidise costs such as the construc-
ion cost of the vessel and operating costs such as fuel (e.g., Ilakini,
013). Further, the variable costs incurred by PICT ﬂeets may  be
xacerbated by ﬂuctuations in global oil prices that affect the cost
f local goods and services, combined with the additional costs of
hipping fuel to Paciﬁc Islands (SPC and CSIRO, 2011).
The cost structures assumed within this study are constant
cross ﬂeets, due to limited knowledge of inter-ﬂeet differences.
herefore, as with many ﬁsheries studies (e.g., Dichmont et al.,
010), there is a need to obtain better ﬂeet-speciﬁc economic data
o more accurately describe the complex dynamics that result from
ifferent cost and price structures. This is particularly important
iven that the stock conditions consistent with economic refer-
nce point values are sensitive to the necessary assumptions made
or cost (Table 3). Improved understanding of ﬂeet-speciﬁc cost
tructures would enable more reﬁned management decisions to be
ade. For example, it may  allow the identiﬁcation of target ﬁsh-
ng levels consistent with a goal of ensuring socially important, but
ess well performing, ﬂeets remain ﬁnancially viable. At those levels
ore efﬁcient ﬂeets, or those with lower costs, would still perform
etter economically than others. For those countries that do not
ave a domestic ﬂeet but license ﬁshing within their EEZ to vessels
rom other countries, this approach would provide room to extract
icense fees from those more proﬁtable ﬂeets, while balancing the
ocio-economic needs of other nations. From the current analysis,
ll ﬂeets ﬁshing for south Paciﬁc albacore would appear to have the
otential to beneﬁt ﬁnancially from lower ﬁshing effort levels.
Prices are assumed to remain constant into the future; i.e., price
lasticity, where the level of supply inﬂuences the market price, is
ot modeled. Although the price of albacore on markets relevant to
his study has remained relatively constant in real terms over the
ecent past, there is still potential to inﬂuence prices by reducing
upplies from ﬁsheries that have a signiﬁcant share of the global
arket. This includes the south Paciﬁc albacore ﬁshery, which pro-
ides around one-third of the global albacore catch (Sun et al., 2015;
FA, 2014). Reductions in albacore catch consistent with the eco-
omic target levels examined here would likely lead to an increase
n the market price. If that occurred, it would complement the ben-
ﬁts obtained from reduced effort levels while also resulting in an
ncrease in the level of effort associated with MEY  and the other
conomic reference points examined in this paper.
It should be noted therefore that MEY  and the other economic
arget levels examined here are, like MSY, a potentially ‘moving
arget’, given that in a deterministic sense they assume all condi-arch 174 (2016) 167–178
tions remain constant. The NPV curves are inﬂuenced by changes in
the price of ﬁsh obtained, the catch rates, and the costs of ﬁshing.
In a similar way, effort levels required to achieve MSY  are inﬂu-
enced by changes in the composition of ﬁshing ﬂeets with different
gear selectivities, and also recruitment variability when the value
is estimated more dynamically (Clark, 1993).
The biological reference points such as the MSY  calculated here
are single species, focussed on south Paciﬁc albacore. Candidate
values based upon economics refer to the southern longline ﬂeet
that exploit both albacore and other stocks, and hence take the mul-
tispecies nature of the ﬁshery into better account. While albacore
generally represents the target species of the ﬁshery, the catches of
other species, particularly tropical species such as yellowﬁn tuna,
are critical to the economic performance of southern longline ﬂeets.
As a result, interactions between the south Paciﬁc longline ﬁsh-
ery with both tropical purse seine and longline ﬁsheries that also
exploit the yellowﬁn stock need to be considered. Changes in the
management of those tropical ﬁsheries, such as through WCPFC
Conservation and Management Measures, will inﬂuence the avail-
ability of these ﬁsh to southern ﬂeets, and hence their economic
performance. A regional bio-economic analysis is being developed
to look at these potential interactions between the different stocks
and ﬁsheries (Kirchner et al., 2014).
5. Conclusions
This analysis demonstrates that target reference points for the
south Paciﬁc longline ﬁshery based upon common biological and
ﬁshery indicators would imply uneconomic ﬁshery conditions, and
in some cases high risk for the biological viability of the stock. Target
reference points based upon economic analyses imply lower than
recent effort levels. While achieving Maximum Economic Yield lev-
els implies severe effort reductions, alternative proﬁt levels are
presented that might better meet wider ﬁshery management objec-
tives. The results suggest that the general direction for ﬁshery
management action is clear, and speciﬁc targets can be updated
if needed as ﬁshery conditions change. As part of this, a key next
step is the examination of the performance of candidate target
levels and their use within harvest control rules using Manage-
ment Strategy Evaluation (e.g., Punt et al., 2001, 2014b), to evaluate
their robustness to uncertainties within the management system.
Also, the consequences of alternative approaches to transition from
recent ﬁshing effort levels to target levels consistent with ﬁsh-
ery objectives need to be identiﬁed, to inform managers on ways
forward.
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Appendix A.
Details of the biological model and economic valuesThe basis for the biological (projection) model was the
MULTIFAN-CL (Fournier et al., 1998; Hampton and Fournier 2001;
Kleiber et al., 2013) assessment of south Paciﬁc albacore, described
in detail within Hoyle et al. (2012). The ‘base case’ results of that
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Table A1.1
Stock assessment model runs and plausibility weights used for the analysis.
Run number Description Plausibility weight
Run 21 Low SRR steepness (0.65), low M (0.3) 0.64
Run 93 Medium SRR steepness (0.8), low M (0.3) 0.80
Run 165 High SRR steepness (0.95), low M (0.3) 0.64
Run 27 Low SRR steepness (0.65), medium M (0.4) 0.8
Run 99 Medium SRR steepness (0.8), medium M (0.4) 1.0
Run 171 High SRR steepness (0.95), medium M (0.4) 0.8
Run 33 Low SRR steepness (0.65), high M (0.5) 0.64
T
K
rG.M. Pilling et al. / Fisherie
ssessment are available from http://www.spc.int/OceanFish/en/
fpsection/sam/sam/211-albacore-assessment-results#2012.
Two key parameters that will affect the results of the projections
erformed in this paper are the selectivity by ﬂeet, and estimated
atchability (which is ﬁxed within the period of the projection),
nd we refer readers to the Hoyle et al. (2012) assessment report
or full information of the basis for the model settings and esti-
ation of those parameters with the MULTIFAN-CL ﬁtting process.
electivity was time-invariant and length-based, to the extent that
ges with similar lengths must have similar selectivities at age,
nd estimated using a cubic spline parameterisation. Selectivity
as permitted to peak and then decline at larger sizes for most
ongline ﬁsheries, the exception being those ﬁsheries where the
argest ﬁsh were observed where selectivity was  non-declining.
he parameter estimates can vary within and between ﬂeets due to
he following assumptions made within the assessment modelling
pproach: all longline ﬁsheries were split into four each year (by
uarter), to accommodate notable seasonal variation seen in the
engths of ﬁsh caught; selectivity was allowed to vary across time
y deﬁning period-speciﬁc ﬁsheries where strong temporal resid-
al patterns were found; catchability was assumed to be constant
or those ﬂeets with standardised CPUE, and allowed to vary over
ime (akin to a random walk where steps were taken annually) for
ll other ﬂeets, with deviations constrained by a prior distribution
mean zero, CV of 0.7 on a log scale); seasonal variation in catch-
bility was allowed to explain strong seasonal variability in CPUE
or ﬁsheries that had not been split seasonally.
able A2.1
ey regression statistics for the southern longline bycatch species, by modelled ﬂeet. Al
elationship was  considered poor (R2 < 0.15 and / or t-test P < 0.05).
Fleet Statistic Yellowﬁn 
American Samoa (AS) Intercept 0.825 
Slope 0.639 
R2 0.476 
Australia (AU) Intercept 9.187 
Slope −0.25 
R2 0.108 
Fiji  (FJ) Intercept 2.899 
Slope 0.535 
R2 0.279 
Japan  (JP) Intercept 11.943 
Slope −0.524 
R2 0.28 
Korea  (KR) Intercept 0.394 
Slope 0.982 
R2 0.5 
New  Caledonia (NC) Intercept 7.43 
Slope −0.161 
R2 0.029 
New  Zealand (NZ) Intercept −5.036 
Slope 1.192 
R2 0.505 
Other  ﬂeets (OT) Intercept 0.448 
Slope 0.786 
R2 0.864 
French Polynesia (PF) Intercept 7.876 
Slope −0.175 
R2 0.014 
Tonga  (TO) Intercept 3.713 
Slope 0.265 
R2 0.388 
Chinese Taipei (TW) Intercept −2.005 
Slope 1.047 
R2 0.339 Run 105 Medium SRR steepness (0.8), high M (0.5) 0.8
Run 177 High SRR steepness (0.95), high M (0.5) 0.64
As noted in the main text, to capture uncertainty in ‘current’
and historical stock status (model uncertainty) nine assessment
model runs were selected based upon decisions at the 10th WCPFC
Scientiﬁc Committee meeting (WCPFC, 2013). That meeting also
provided plausibility weights for each of these models based on
‘expert opinion’ on how plausible they were considered to be rela-
tive to the base case model. These are presented in Table A1.1.
Appendix B.
Calculation of bycatch levels for the bio-economic analysisThe catch, and hence ﬁnancial value, of non-target species was
estimated for the bio-economic analysis to better relate effort lev-
els to ﬂeet ﬁnancial performance. Annual catch levels of albacore
l values in log-space. Values in italics indicate relationships where the regression
Bigeye Billﬁsh Shark Other
−2.669 −0.519 −5.454 −2.198
0.946 0.717 1.243 0.99
0.784 0.931 0.724 0.875
7.579 0.12 6.118 6.791
−0.151 1.056 0 0
0.037 0.296 0.128 0.001
6.65 −1.025 −2.452 1.059
−0.021 0.799 0.935 0.616
0 0.805 0.858 0.962
2.395 −0.803 −5.378 −3.399
0.657 0.933 1.435 1.194
0.144 0.871 0.787 0.742
5.485 1.457 −2.294 3.023
0.365 0.499 0.718 0
0.222 0.501 0.388 0.078
15.931 1.66 20.001 −5.027
−1.596 0.465 −2.304 1.429
0.486 0.666 0.096 0.797
3.659 0.031 −1.983 0.648
0.267 0.875 1.277 0.915
0.356 0.566 0.583 0.688
4.469 −0.695 −3.478 −0.429
0.351 0.845 1.125 0.855
0.2 0.857 0.908 0.894
3.944 1.084 −0.69 0.999
0.293 0.623 0.772 0.545
0.134 0.831 0.763 0.447
0.368 0.845 −0.301 0.849
0.686 0.519 0.537 0.587
0.934 0.48 0.168 0.408
−3.982 −1.199 6.93 7.123
1.252 0.904 0 0
0.223 0.15 0.008 0.136
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